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Figure 3A 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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METHODS AND APPARATUS FOR died in the ED . In nine of the 27 endotracheal tubes were too 
OPTOACOUSTIC GUIDANCE AND deep ( below the carina ) or remained in the hypopharynx 

CONFIRMATION OF PLACEMENT OF above the vocal cords ; of those patients , 33 % died in the ED . 
INDWELLING MEDICAL APPARATUS Li ( Li J : “ Capnography alone is imperfect for endotracheal 

5 tube placement confirmation during emergency intubation ” 
CROSS REFERENCE TO RELATED J . Emerg . Med . ( 2001 ) 20 : 223 - 9 ) reported data , provided by 

APPLICATIONS the National Emergency Airway Registry database , regard 
ing emergency endotracheal intubation performed in 24 

This application claims priority based on PCT / US12 / participating hospital EDs from August 1997 to September 
035756 . filed on Apr . 30 . 2012 . which in turn claims priority 10 1999 . Of 4 , 602 attempted emergency endotracheal intuba 
to U . S . Provisional Application Ser . No . 61 / 480 . 482 filed on tions , the number of inadvertent esophageal intubations was 
Apr . 29 , 2011 , which applications are incorporated herein by 180 , representing 4 % of emergency intubations . Of these , 
reference . ten ( 6 % of all esophageal intubations ) were initially unrec 

ognized . 
FIELD OF THE INVENTION 15 Misplacement of an endotracheal tube contributes to 

morbidity and mortality in several ways . Placement in the 
This invention relates generally to apparatus and methods esophagus rather than in the trachea results in failure to 

for guiding and confirming placement of medical devices . effectively provide oxygen and remove carbon dioxide . 
More particularly , embodiments of this invention relate to Even a single breath administered while a tube is improperly 
medical apparatus and methods that utilize optoacoustic 20 positioned in the esophagus risks gastric inflation and pro 
guidance and confirmation of placement of endotracheal motes regurgitation and aspiration of gastric contents . Posi 
tubes and other indwelling medical devices . tioning of an endotracheal tube insufficiently far into the 

trachea risks laryngeal damage from cuff pressure on the 
BACKGROUND OF THE INVENTION structures in the larynx and , of greater immediate concern , 

25 risks accidental withdrawal into the pharynx . Positioning of 
Without limiting the scope of the invention , its back - an endotracheal tube too deeply may result in intubation of 

ground is described in connection with existing methods and a main - stem bronchus , usually the right , causing hypoxemia 
apparatus for guiding and confirming proper placement of because of failure to ventilate the opposite , usually the left , 
medical apparatus that are inserted through a body channel lung . Even a properly positioned endotracheal tube may 
or cavity . 30 subsequently move during taping ( used to secure the endo 

Medical diagnosis and treatment frequently involve inser - tracheal tube ) , retaping or changes in patient position . Mis 
tion of medical devices that are passed through naturally placement after initial presumed placement most commonly 
occurring channels and cavities in the patient ' s body . These occurs in obese patients , females , children and patients 
include placement of catheters into large blood vessels such undergoing laparoscopy or placement in the Trendelenburg 
as through jugular , subclavian , antecubital and femoral sites . 35 ( head - down ) position . See e . g . Weiss M , et al . “ Clinical 
Cardiac catheterization involves passage of long catheters evaluation of cuff and tube tip position in a newly designed 
from peripheral insertion sites into the heart using X - ray paediatric preformed oral cuffed tracheal tube ” Br . J . 
visualization . Catheterization is also used to access the Anaesth . ( 2006 ) 97 : 695 - 700 . Because misplacement of an 
bladder and kidneys by retrograde passage through the endotracheal tube can be lethal , proper positioning must be 
urethra . Placement of nephrostomy tubes is typically done 40 confirmed immediately after initial placement and must 
percutaneously into the renal pelvis under fluoroscopic or subsequently be monitored so that later tube displacement 
CT guidance . In any interventional procedure , insertion of can promptly be recognized and corrected . 
the medical device into the proper location is critical . For Proper insertion and positioning of endotracheal tubes is 
example , improper placement or positioning of an endotra customarily performed or supervised by the most expert 
cheal tube may be lethal . 45 individual available , but expertise in endotracheal tube 

Correct placement and positioning of an endotracheal placement and maintenance varies widely by training and 
tube is an essential component of life support during resus - location . For respiratory support during surgery , placement 
citation from cardiac arrest , during stabilization and surgery is usually performed by anesthesiologists or nurse anesthe 
after severe multiple trauma , during critical illnesses requir - tists , who typically are highly experienced and intubate 
ing airway and ventilatory support , during most surgical 50 patients on a daily basis . Moreover , during elective surgery , 
procedures under general anesthesia and during postopera - the risk is further reduced because most elective surgical 
tive mechanical ventilatory support . To function properly in patients have relatively good physiological reserves , surgi 
ventilating the lungs , an endotracheal tube must be inserted cal precautions reduce the risk of aspiration , and intubation 
into the trachea , must be properly positioned in the mid - is performed in highly controlled , nonemergency circum 
trachea and must remain properly positioned until the endo - 55 stances . 
tracheal tube is no longer necessary . However , endotracheal In hospitalized patients outside the surgery suite , endo 
tubes are often misplaced , particularly when placed in tracheal tube placement is usually performed as an emer 
emergency circumstances , and endotracheal tube misplace - gency life - support procedure by a variety of physicians and 
ment contributes to morbidity and mortality . Katz and Falk nonphysicians , depending on the size and complexity of a 
( Katz S H , Falk J L : " Misplaced endotracheal tubes by 60 hospital . Patients requiring emergency intubation usually 
paramedics in an urban emergency medical services system ” have severe physiologic compromise , such as respiratory 
Ann . Emerg Med . ( 2001 ) 37 : 32 - 7 ) reported on a series over failure and cardiac arrest , and often must be intubated under 
an eight - month interval of 108 patients who were intubated poorly controlled circumstances by personnel with highly 
by emergency medicine personnel before arrival at a single - variable experience and expertise . These patients are par 
hospital Emergency Department ( ED ) . On arrival at the ED , 65 ticularly vulnerable to episodic hypoxemia . In EDs , place 
25 % ( 27 / 108 ) of endotracheal tubes were misplaced . Eigh - ment is usually performed by emergency physicians , some 
teen of 27 were in the esophagus ; of those 18 patients , 56 % of whom have considerable training , experience and exper 
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tise . However , some do not . In smaller hospitals during night especially in circumstances in which post - intubation move 
shifts and on weekends , endotracheal tube placement is ment of a patient can result in movement of the tube within 
often performed by respiratory therapists , whose training the trachea . 
varies widely and who may rarely have the opportunity to The challenges of recognizing esophageal intubation and 
practice intubation . 5 endotracheal tube movement are much greater in emergency 

In out - of - hospital situations , placement is usually per circumstances outside the operating room . Detection of 
formed by emergency medicine technicians or paramedics , exhaled carbon dioxide by capnography functions well in 
whose experience and training often are limited . The inevi physiologically stable patients during surgical anesthesia . 
table disparities in experience and expertise between ED . However , in emergency circumstances , especially during 
physicians , respiratory therapists , anesthesiologists and out - cardiac arrest , capnography is less reliable because carbon 
of - hospital emergency responders are compounded in emer - dioxide exhalation is highly variable and requires ventila 
gency circumstances by less than optimal conditions and tion . In patients during cardiac arrest , minimal carbon diox 
limited monitoring equipment . These important factors fur - ide may be exhaled through the lungs and use of this method 
ther reduce the chances of proper initial placement and provides a substantial incidence of false - positive and false 
subsequent maintenance of proper positioning of endotra negative results in emergency intubations . Li quantified the 
cheal tubes . sensitivity and specificity of capnography when used in 

After endotracheal tube placement before surgery , emergency circumstances . ( Li J : supra ) Based on a meta 
patients subsequently remain in a highly monitored , stable analysis of capnography trials that included 2 , 192 intuba 
environment , in which endotracheal tube position can be 20 tions , the sensitivity for confirmation of endotracheal intu 
constantly monitored by an anesthesiologist or nurse anes bation was 93 % ( 95 % confidence interval 92 - 94 % ) , and the 
thetist who can recognize tube displacement and intervene . specificity was 97 % ( CI 93 - 99 % ) . Therefore , for emergency 
Patients who are endotracheally intubated outside surgical intubations , the false - negative failure rate ( tube in trachea 
suites or outside hospitals typically must be transported to but capnography indicates esophagus ) was 7 % , and the 
other locations for definitive therapy , diagnostic imaging or 25 false - positive rate ( tube in esophagus but capnography indi 
intensive care . In each environment and during transport , cates trachea ) was 3 % . 
because misplacement of an endotracheal tube can be lethal , To address the clinical problems of promptly recognizing 
proper positioning must be confirmed immediately after initial endotracheal tube misplacement or subsequent endo 
initial placement and must subsequently be monitored so tracheal tube displacement , a variety of technological aids 
that later tube displacement can promptly be recognized and 30 have been suggested or developed to supplement or replace 
corrected . Currently available technology is unsuitable for auscultation and quantitative capnography . See e . g . 
monitoring of endotracheal position , especially by personnel O ' Connor C J , et al . " Identification of endotracheal tube 
of limited experience . malpositions using computerized analysis of breath sounds 

The current gold standards of clinical practice for confir - via electronic stethoscopes ” Anesthesia and Analgesia 
mation of endotracheal tube position include : ( 1 ) direct 35 ( 2005 ) 101 : 735 - 9 ; Cardoso M M , et al . “ Portable devices 
visualization of the endotracheal tube entering the trachea , used to detect endotracheal intubation during emergency 
( 2 ) auscultation to confirm bilateral , symmetrical breath situations : a review ” Crit Care Med . ( 1998 ) 26 : 957 - 64 ; Ezri 
sounds and absence of air entry over the epigastrium ( to T , et al . “ Use of the Rapiscope vs chest auscultation for 
exclude esophageal intubation ) , ( 3 ) detection of exhaled detection of accidental bronchial intubation in non - obese 
carbon dioxide to confirm placement in the lungs , ( 4 ) 40 patients undergoing laparoscopic cholecystectomy ” J Clin . 
fiberoptic confirmation by visualization of the trachea and Anesth . ( 2006 ) 18 : 118 - 23 ; Reicher J , et al . “ Use of radio 
mainstem bronchi , and ( 5 ) chest radiography . Of these frequency identification ( RFID ) tags in bedside monitoring 
techniques , only fiberoptic airway examination and chest of endotracheal tube position " J Clin . Monit . Comput . 
radiography provide direct information of proper position ( 2007 ) 21 : 155 - 8 ; Werner S L , et al . “ Pilot study to evaluate 
ing in the mid - trachea . 45 the accuracy of ultrasonography in confirming endotracheal 

Salem ( Salem M R . “ Verification of endotracheal tube tube placement ” Ann . Emerg Med . ( 2007 ) 49 : 75 - 80 ; Li J . “ A 
position ” Anesthesiol . Clin . North America ( 2001 ) 19 : 813 - prospective multicenter trial testing the SCOTI device for 
39 ) has summarized the pitfalls of each of these techniques . confirmation of endotracheal tube placement ” J Emerg Med . 
Although each is relatively reliable , each also is associated ( 2001 ) 20 : 231 - 9 ; and Milling TJ , et al . “ Transtracheal 2 - D 
with errors , the consequences of which can be grave . In 50 ultrasound for identification of esophageal intubation " J . 
some patients , visualization of the larynx is inadequate to Emerg . Med . ( 2007 ) 32 : 409 - 14 ) . 
confirm endotracheal tube placement . Direct visualization of The principles of operation of the devices vary . Some 
an endotracheal tube passing the cords requires expertise in qualitatively detect exhaled carbon dioxide , some utilize 
laryngoscopy , is sometimes difficult or impossible to transmission of light from within the trachea to the skin 
achieve , and cannot be performed repeatedly . Fiberoptic 55 surface , some depend on aspiration of air from the trachea , 
bronchoscopy requires technical expertise , interferes with and some are based on ultrasonography . The Sonomatic 
ventilation , and cannot be performed continuously . Chest Confirmation of Tracheal Intubation ( SCOTI ) device con 
radiography is intermittent , requires movement of a patient nects to the end of the endotracheal tube and assesses the air 
to perform radiography , and does not provide rapid feed content of the structure within which the endotracheal tube 
back . 60 is located , i . e . , within the rigid , air - filled trachea or the 

Auscultation is prone to both false - positive and false - flaccid esophagus . However , the SCOTI device requires 
negative findings . The dramatic decrease in respiratory disconnection from the ventilator , only differentiates 
complications of anesthesia during the past thirty years is esophageal from tracheal intubation , has an appreciable 
certainly attributable in part to expeditious recognition and false - positive and false - negative rate and does not indicate 
correction of esophageal intubation , although anesthesia 65 proper position within the trachea . Ultrasound - based tech 
personnel continue to be challenged by difficulty in con - niques require expertise in ultrasonography and are not 
firming endotracheal tube placement in the mid - trachea , suitable for continuous monitoring . 
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Although all approaches offer advantages and provide medical unit including at least one optical component uti 
feedback that can be helpful , no single device is sufficiently lized in conjunction with an acoustic component placed on 
reliable to be considered the standard of care and some , such a site of a patient ' s body overlying an internal placement site 
as fiberoptic bronchoscopy , require substantial skill and for the indwelling unit and analyzed by the receiver / analyzer 
training 5 unit . The methods also include inserting the indwelling unit 

Thus , there is a real need in the art for an easy method for into a body of an animal ( e . g . , a human or other mammal ) 
monitoring and confirming proper placement of indwelling and monitoring the insertion via the acoustic component . 

The methods also include confirming placement of the medical apparatus in a mammalian body including a human indwelling unit by optoacoustic monitoring . The methods body . may optionally include continuous , periodic , and / or inter 10 mittent monitoring of the indwelling unit to ensure main SUMMARY OF THE INVENTION tained proper unit placement . 
In certain embodiments , the indwelling medical unit is an In certain embodiments provided herein , medical appa endotracheal tube having a cuff including the optical com ratus adapted for insertion through a body channel or cavity ponent or a plurality of optical components , where the 

are provided with tracking capability based on optoacoustic 15 components are disposed to direct pulsed light into the soft 
monitoring . In one embodiment , indwelling units having at tissue overlying the internal placement site in proximity of 
least one optical component are provided . In certain embodi the acoustic component . The pulsed light induces spatially 
ments , the apparatus also includes a light source in commu resolved pressure signals in the tissue . The acoustic signals 
nication with the optical component via a light conduit for are received by the acoustic component the output of which 
generating electromagnetic radiation . An acoustic compo - 20 is forwarded to that receiver / analyzer unit . The receiver / 
nent is placed on a site of a patient ' s body overlying an analyzer unit generates information utilized to confirm that 
internal placement site for the indwelling unit . A receiver / the cuff or the endotracheal tube is properly positioned in a 
analyzer unit is utilized for receiving an output signal from mid - trachea and is not accidentally positioned in the esopha 
the acoustic component and converting the signal into gus . Continuous , periodic or intermittent optoacoustic moni 
information concerning an internal location of the indwell - 25 toring may be used to ensure that the cuff or tube has not 
ing unit . The optical component directs electromagnetic moved out of its proper position . 
radiation ( light ) into soft tissue overlying the placement site BRIEF DESCRIPTION OF THE DRAWINGS of the indwelling unit . In response to the absorbed pulsed 
electromagnetic radiation in the overlying soft tissue , spa The invention can be better understood with reference to tially resolved pressure signals are produced in the tissue . 30 + 1 the following detailed description together with the The spatially resolved pressure signals are received as appended illustrative drawings : acoustic signals by the acoustic component and analyzed by FIG . 1 depicts an embodiment of an apparatus that utilizes 
the receiver / analyzer unit . In certain embodiments , the opti optoacoustic monitoring for placement and monitoring of 
cal component generates electromagnetic radiation in the medical devices placed in the body . 
form of pulsed laser light that generates an acoustic com - 35 FIGS . 2A - D depict embodiments of optical components 
ponent in the form of an ultrasound pressure signal . for optoacoustic monitoring . 

In certain embodiments disclosed herein , a system for FIG . 3A shows the relative placement of the optical 
real - time placement tracking of indwelling medical devices transmitting elements and the acoustic receiving elements in 
is provided that includes an indwelling medical device , one relation to a patient during placement of an endotracheal 
or more optical components affixed to the indwelling medi - 40 tube . 
cal device and adapted to emit electromagnetic radiation and FIG . 3B shows by magnetic resonance imaging ( MRI ) an 
thereby generate an acoustic signal in a tissue receiving the embodiment of an endotracheal apparatus placed in a tra 
indwelling medical device , one or more external acoustic chea of a patient showing the acoustic components and 
detectors adapted to receive the acoustic signal generated in optical components . 
the tissue ; and an analyzer in electrical communication with 45 FIGS . 4A - B depict two embodiments of an endotracheal 
the one or more detectors , wherein the analyzer is adapted apparatus of this invention . 
to produce an output that reflects placement of the medical FIG . 5 depicts optoacoustic signals recorded from an 
device . The analyzer may include or be connected to a optoacoustic detector using a 1 . 0 mm optical fiber placed 
display screen . In some embodiments a visual tracking within an endotracheal tube to the depth of the middle of a 
output is provided while in other embodiments the analyzer 50 cuff . 
generates a range of audible signals including a safety tone FIG . 6 depicts optoacoustic signals recorded from the 
that indicates desired placement of the indwelling device optoacoustic ( OA ) detector when the optical fiber was 
and an alarm tone that indicates improper placement of the inserted into the esophagus ( solid line ) to simulate a mis 
indwelling device . The visual display may be combined with placed endotracheal tube . 
audible signals if desired . 55 FIG . 7 depicts raw data of an optoacoustic spectrum of a 

In some embodiments , the system further includes a light 1 . 0 mm optical fiber placed within an endotracheal tube to 
conduit in optical communication with the optical compo - the depth of the middle of a cuff . 
nent and adapted for connection to , and transmittal of light FIG . 8 depicts raw data of an optoacoustic spectrum of a 
from , a light source external to the patient ' s body . One typical pattern recorded from the optoacoustic ( OA ) detector 
example of a suitable light conduit is a fiber optic . In 60 when the optical fiber was inserted into the esophagus ( solid 
alternative embodiments the light source is not located line ; to simulate a misplaced endotracheal tube ) . 
remotely but instead generates light locally from inside the 
patient ' s body . In certain embodiments the electromagnetic DETAILED DESCRIPTION OF THE 
radiation is pulsed laser light at a near - to mid - infrared INVENTION 
wavelength from about 750 nm to about 2500 nm . 65 

Embodiments of the present invention provide methods The inventors have found that an optoacoustic method can 
for placing and monitoring the placement of indwelling be implemented for confirming and monitoring of placement 
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of indwelling medical apparatus . In certain embodiments of components . The optical components direct pulsed electro 
this optoacoustic methodology , confirming and monitoring magnetic radiation ( light ) into surrounding tissue . The 
is directed to a proper placement of endotracheal tubes in pulsed light induces spatially resolved pressure signal in the 
children and adults as an example of the general use of tissue in response to the absorbed pulsed electromagnetic 
optoacoustic methods of this invention for confirming and 5 radiation . The acoustic components detect he pressure sig 
monitoring placement of indwelling medical apparatus . nals . The receiver / analyzer receives an output from the 

Embodiments of the present invention broadly relate to acoustic components and analyzes the output to determine 
medical apparatus including an indwelling unit having at and monitor tube placement . The monitoring is used to guide 
least one optical component ( one optical component or a and confirm placement of endotracheal tube and to continu 
plurality of optical components ) . The apparatus also include 10 ously , periodically and / or intermittently monitor tube place 
a receiver / analyzer unit having at least one acoustic com - ment . The frequency of the pressure signal induced in the 
ponent ( one acoustic component or a plurality of acoustic tissue is controlled by the wavelength of the pulsed light . In 
components ) . The apparatus also include a source of elec - certain embodiments , the pulsed light produces ultrasonic 
tromagnetic radiation ( e . g . , pulsed light ) connected to the signals in the tissue . The acoustic components are then 
optical components via one or more light conduits . The 15 positioned on the anterior neck to provide rapid initial 
optical components direct the electromagnetic radiation into assessment and subsequent intermittent , periodic , or con 
a tissue overlying an internal indwelling unit placement . The tinuous feedback regarding the positioning of the cuff of the 
electromagnetic radiation pulse induces spatially resolved endotracheal tube . The inventors have demonstrated that the 
pressure signals in the tissue . The acoustic signals are systems and methods of this invention are capable of con 
received by the acoustic component , the output of which is 20 firming the proper placement of the cuffs or endotracheal 
forwarded to that receiver / analyzer unit . The receiver / ana - tubes in the mid - trachea thereby reducing or eliminating 
lyzer unit generates information utilized to confirm that the accidental placement of the cuffs or endotracheal tubes in the 
indwelling unit is properly positioned . For example , an esophagus . 
endotracheal tube should be positioned in the mid - trachea , There are several characteristics of optoacoustic technol 
not the esophagus . Continuous , periodic or intermittent 25 ogy and of the human trachea and esophagus that make 
optoacoustic monitoring may be used to ensure that the cuff optoacoustic technology ideally suited for confirming and 
or tube has not moved out of its proper position . monitoring proper placement of indwelling units placed in 

Embodiments of the present invention broadly relate to the trachea or for placement of any other indwelling appa 
methods for placing and monitoring the placement of ratus in its intended location in the body of a human , a 
indwelling medical apparatus . The methods include provid - 30 mammal , or animal . Optoacoustic technology is based on 
ing a medical apparatus including an indwelling unit having the fact that when pulsed electromagnetic radiation such as , 
an optical component or a plurality of optical components . for example , pulsed light , encounters a chromophore or 
The apparatus also include a receiver / analyzer unit having pigment , the radiation is absorbed producing a pressure 
an acoustic component or plurality of acoustic components . wave , which is detectable as an acoustic response . In certain 
The apparatus also include a source of electromagnetic 35 embodiments , the pulsed electromagnetic radiation is in the 
radiation ( e . g . , pulsed light ) connected to the optical com - range of infrared light , which is defined as having a wave 
ponents via one or more light conduits . In certain embodi - length from 750 nm ( the upper most wavelength of the 
ments , the electromagnetic radiation comprises near - infra - visible light range , which is considered to be in the range of 
red light ( the optical component of the optoacoustic about 390 - 750 nm ) to 1 mm ( beginning of microwave 
technique ) , and pressure signal comprises an ultrasound 40 portion of the electromagnetic spectrum ) . In certain exem 
signal ( the acoustic component of the optoacoustic tech - plified embodiments , the pulse electromagnetic radiation is 
nique ) . The methods also include inserting the indwelling provided by one or more sources of laser light emitting in the 
unit into a body of an animal so that the optical component near to mid - infrared ( from 750 nm to 2500 nm ) . Laser 
is capable of directing pulsed light into surrounding tissue . optoacoustic technology combines certain advantages of the 
The methods also include monitoring the insertion via the 45 high optical contrast of optical tomography with the minimal 
receiver / analyzer , which receives acoustic signals from the scattering of acoustic waves found in ultrasound imaging to 
acoustic components . The acoustic signals comprise spa - yield high contrast , sensitivity , and resolution . Laser optoa 
tially resolved pressure signals induced in the surrounding c oustics techniques utilize the sensitive detection of laser 
tissue by the pulsed light from the optical components . The induced ultrasonic waves , which travel without scattering 
methods also include confirming placement of the unit 50 through tissue in a straight line from the source to the 
through optoacoustic monitoring . The methods may option - transducer . Several wavelengths in the near to mid - infrared 
ally include continuous , periodic , and / or intermittent moni - range ( ranging from about 750 nm to about 2500 nm ) have 
toring of the indwelling unit to ensure the indwelling unit is been tested successfully and it is expected that other wave 
maintained in a proper placement . In certain embodiments , lengths will be suitable . Nd : YAG ( neodymium - doped 
the indwelling unit is an endotracheal tube having a cuff 55 yttrium aluminium garnet ) lasers having a typical wave 
including an optical component or a plurality of optical length of 1064 nm have been utilized effectively as well as 
components , where the components direct pulsed electro - pulsed laser diodes emitting at a wavelength of around 1550 
magnetic radiation ( light ) into the surrounding tissue . The nm . Compact solid state laser diodes are presently available 
methods can be used to ensure that the cuff or the endotra that emit in a large number of discrete wavelengths begin 
cheal tube is properly positioned in a mid - trachea and is not 60 ning in the visible light range of from about 375 nm though 
accidentally positioned in the esophagus via the optoacous - the lower end of the infrared range up to about 1550 nm . 
tic monitoring of the acoustic signals . Depending on the wavelength and duration , the acoustic 

In certain embodiments , the medical apparatus includes response may have a different frequency band . In embodi 
an endotracheal tube including a cuff , where the cuffm ents involving tissues in mammalian bodies , human bodies 
includes an optical component or a plurality of optical 65 or animal bodies , the properties of the pulsed light ( includ 
components . The apparatus also include a receiver / analyzer ing wavelength and duration ) are generally adjusted to 
unit having an acoustic component or a plurality of acoustic induce an ultrasonic response ( ultrasonic waves ) . The ultra 
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sound waves travel in straight lines from their source with of the present inventors disclosed the use of optoacoustic 
minimal scattering and attenuation , thereby providing both technology to detect pigmentation added to indwelling 
lateral resolution and axial resolution regarding the size and medical devices for the purpose of generating an optoacous 
shape of the source . The ultrasound waves are then detected tic signal . The present application provides an alternative 
by the acoustic components in contact with or close prox - 5 technique to confirm placement of indwelling medical 
imity of the tissue surrounding the indwelling unit . The devices , such as endotracheal tubes , by generating an optoa 
acoustic components in turn generate an output that is coustic signal in water in tissue irradiated by an optical 
received by the receiver / analyzer unit , which converts the source . 
output into information concerning the position of the The medical apparatus of this invention include at least : 
indwelling unit . 10 ( 1 ) at least one optical component disposed in or on an 

Ultrasound waves propagate through tissue , but are effec - indwelling unit or adapted to be attached to an indwelling 
tively blocked by air . The trachea is an air - filled cylinder that unit , ( 2 ) a pulsed near - infrared light source in optical com 
lies immediately beneath the anterior surface of the neck . munication with the optical component , ( 3 ) at least one 
When the cuff of an endotracheal tube is inflated , the cuff acoustic component capable of being disposed on a second 
directly seals against the interior surface of the trachea , 15 site of a human , mammal or animal body overlying a first 
thereby bringing the optical components into direct contact site of the body where the indwelling unit is to be placed , 
with or in close proximity to the tissue surrounding the cuff . and ( 4 ) an optoacoustic receiver / analyzer . In the case of an 
The pulsed light irradiates the tissue producing ultrasonic endotracheal tube , in certain embodiments , the cuffs of 
pressure waves . The ultrasonic waves have a short , direct endotracheal tubes are modified by adding an optical com 
propagation path in tissue . The ultrasonic waves are then 20 ponent or a plurality of optical components . The optical 
detected at the surface of the neck by the acoustic compo - components can generate pulsed light directly or may be in 
nent or detector . Within a few seconds or less , an optoa optical communication with a separate light source . The 
coustic assessment can confirm whether the cuff of the separate light source is capable of generating pulsed elec 
endotracheal tube is in a proper position within the trachea tromagnetic radiation of a defined wavelength or wavelength 
( see FIGS . 3A and 3B ) and is not in the esophagus or that 25 range ( discretely populated or continuous ) at a defined 
it is not inserted too deeply or too shallowly . For guidance duration and defined pulse repetition rate . The light source 
of intubation , the light source is generally located external to can either be associated with the endotracheal tube or 
the body and is connected to the optical components of the generally external to the body . Optical communication may 
cuff via optical light conduits such as fiberoptic conduits . In be effectuated by any light conduit capable of transmitting 
certain embodiments , the tube may include a light source 30 the pulsed light generated by the light source to the optical 
generator if the generator is small enough to avoid interfer - components . As stated previously , the optoacoustic methods 
ence with physical structures in the patient or would other of this invention are based on the fact that pulsed light such 
wise complicate the underlying procedure . For confirming a s pulsed near infrared light emitted by the optical compo 
and monitoring of endotracheal tube position , the pulsed nent into a tissue ( the optical feature of the optoacoustic 
near - infrared light source can be incorporated into the 35 technique ) induces spatially resolved acoustic ( pressure ) 
receiver / analyzer unit or can be a standalone component . signals in the tissue ( the acoustic feature of optoacoustic 

Optoacoustic guidance of endotracheal intubation and technique ) . 
confirming and monitoring of endotracheal tube position Referring now to FIG . 1 , an embodiment of an optoa 
disclosed herein has the following attributes : ( 1 ) easy to use coustic monitoring apparatus , generally 100 , is shown to 
with minimal training , ( 2 ) negligible incidence of false - 40 include an indwelling unit 102 having an optical component 
positive and false - negative results , ( 3 ) nearly instantaneous 104 connected to a pulsed light source 106 via a light 
feedback regarding endotracheal tube position , ( 4 ) effective conduit 108 . The indwelling unit 102 is depicted disposed 
confirmation of initial endotracheal tube placement at a behind an overlying tissue 110 , that is , the indwelling unit 
proper cephalad / caudad orientation , ( 5 ) continuous moni - 102 , has been inserted into a human , mammal or animal so 
toring to detect subsequent cephalad or caudad displace - 45 that the optical component 104 is capable of directing pulse 
ment , ( 6 ) no requirement for ventilation to detect endotra light into the overlying tissue 110 . The apparatus 100 also 
cheal tube placement , ( 7 ) no requirement for temporary includes an acoustic detector 112 shown here situated on an 
disconnection from ventilation to confirm or monitor endo exterior surface 114 of the overlying tissue 110 . The acoustic 
tracheal tube placement and ( 8 ) no requirement for patient detector 112 is in electrical communication with an optoa 
transportation or movement to determine endotracheal tube 50 coustic unit 116 via a cable 118 . The optoacoustic unit 116 

includes a receiver / analyzer unit 120 and a display 122 . The 
Endotracheal tube placement is a specific example of receiver / analyzer unit 120 receives and analyzes an acoustic 

placement of a medical apparatus or foreign body within signal detected by the acoustic detector 112 . The acoustic 
tissues with the subsequent need to non - invasively confirm signals comprise spatially resolved pressure waves induced 
correct placement . Optoacoustic technology is ideally suited 55 in the tissue 110 by the pulsed light directed into the tissue 
to any clinical situation in which a foreign body is placed by the optical component 104 . Of course , the light source 
within a human , mammal , or animal body for medical 106 may be incorporated into the optoacoustic unit 116 . In 
purposes , e . g . , intravascular catheters , urinary bladder cath - any event , the pulse rate and frequency of the light is 
eters , drainage tubes or prosthetic devices , and in which controlled by the optoacoustic unit 116 and by the con 
subsequent noninvasive confirmation of proper placement is 60 straints of the light source 106 . In certain embodiments , the 
required . light is near infrared and the duration is in the range from 

Certain of the present inventors were the first to propose one nanosecond to hundreds of nanoseconds to induce 
the optoacoustic technique for confirmation and monitoring ultrasonic waves in the tissue 110 . 
of correct placement of indwelling medical devices such as Moreover , there may be a plurality of optical components 
endotracheal tubes in children and adults . In a previous 65 and / or a plurality of acoustic components . Furthermore , 
application , U . S . application Ser . No . 13 / 179 , 482 and PCT ) each optical component may direct different pulsed light into 
US2011 / 043476 , incorporated herein by reference , certain the overlying tissue , and each acoustic component may be 

position . 
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tuned to receive acoustic signal induced by one of the optical mitted through the endotracheal tube itself . Optoacoustic 
components to achieve frequency discrimination . technology can either be developed as a stand - alone device 
Embodiments of General Indwelling Units or can be incorporated into and improve existing technology . 

Referring now to FIGS . 2A - C , three embodiments of Referring now to FIGS . 4A and B , two embodiments of 
indwelling units with optoacoustic monitoring capability , 5 endotracheal units of this invention , generally 400 , are 
generally 200 , are shown in top plan view . In FIG . 2D , a side shown . Looking at FIG . 4A , unit 400 includes endotracheal 
plan view of the three embodiments is also shown . Looking tube 402 having cuff 404 and inflation tube 406 having an 
at FIG . 2A , unit 200 includes a housing 202 to be disposed end fitting 408 . Tube 402 and cuff 404 are designed to be 
in an interior tissue or organ site of a human , mammal or disposed in a trachea of a human or other animal . Cuff 404 
animal . Unit 200 also includes an optical component 204 10 includes a plurality of optical components 410 ( four in all , 
disposed on an outer surface 206 of housing 202 . The optical three visible , one hidden and not shown ) disposed on an 
component is in light communication with a light source outer surface 405 of cuff 404 . Optical components 410 are 
( not shown ) via optical conduit 208 . Looking at FIG . 2B , in light communication with a light source ( not shown ) via 
unit 200 includes housing 202 to be disposed in an interior optical conduits 412 . In this , embodiment , light conduit 412 
tissue or organ site of a human , mammal or animal . Unit 200 15 is inserted into inflation tube 406 . 
also includes three optical components 204 disposed on Looking at FIG . 4B , unit 400 includes an endotracheal 
outer surface 206 of housing 202 . The optical component is tube 402 having cuff 404 and inflation tube 406 having an 
in light communication with a light source ( not shown ) via end fitting 408 . Tube 402 and cuff 404 are designed to be 
optical conduit 208 . Looking at FIG . 2C , unit 200 includes disposed in a trachea of a human or other animal . Cuff 404 
housing 202 to be disposed in an interior tissue or organ site 20 includes a plurality of optical components 410 ( four in all , 
of a human , mammal or animal . Unit 200 also includes five three visible , one hidden and not shown ) disposed on an 
optical components 204 disposed on an outer surface 206 of outer surface 405 of cuff 404 . Optical components 410 are 
housing 202 . The optical component is in light communi in light communication with a light source ( not shown ) via 
cation with a light source ( not shown ) via optical conduit optical conduits 412 . In this , embodiment , light conduit 412 
208 . Looking at FIG . 2A , units 200 of FIGS . 2A - C are 25 is disposed inside the tube 402 , but is not inserted inside the 
shown in a side view , where light conduit 208 is situated inflation tube 406 . 
long inner wall 210 of housing 202 . In certain embodiments indwelling device including light 
Endotracheal Embodiments conduit is a disposable single use unit that is adapted to be 

To guide and confirm placement of endotracheal tubes connected to a separate light source that is reusable between 
and continuous or intermittent monitoring of correct place - 30 patients . In other embodiments , the light source is a diode 
ment , pulsed laser light is directed from within an endotra - and the light is generated inside the tissue without need for 
cheal tube at the soft tissue that overlies the trachea . The a light conduit from outside the patient ' s body . 
pulsed laser light subsequently generates a spatially resolved Optoacoustic guidance of endotracheal intubation and 
ultrasound signal upon encountering tissue water , which acts confirmation and monitoring of endotracheal tube position 
as a chromophore . The pulsed laser light source is incorpo - 35 according to the disclosed embodiments will achieve the 
rated into or onto an existing medical device , such as an aforementioned desirable attributes . 
endotracheal tube , or will be part of a purpose - built optoa 
coustic probe that will be inserted into or onto the endotra Example 1 
cheal tube such that pulsed laser light source is located 
directly parallel to the endotracheal tube cuff or to an 40 An embodiment of an endotracheal tube apparatus as 
analogous position on an uncuffed tube . In addition , an disclosed herein including a pulsed laser light source , a light 
acoustic detector will be positioned on the anterior neck to conduit , a light exit port and an acoustic detector was tested 
provide rapid initial assessment and subsequent intermittent to demonstrate that a signal obtained by positioning a pulsed 
or continuous feedback regarding the positioning of the cuff laser light exit port within an endotracheal tube in a sheep 
of the endotracheal tube , demonstrating that the cuff or the 45 with an acoustic detector positioned on an anterior neck to 
endotracheal tube is properly positioned in the mid - trachea permit non - invasive accurate confirmation and maintenance 
and is not accidentally positioned in the esophagus . of the tube location in the sheep . 

FIG . 3A shows the relative placement of the optical Laser optoacoustic imaging combines the merits of opti 
transmitting elements and the acoustic receiving elements cal tomography ( high optical contrast ) and ultrasound imag 
shown in FIG . 1 in relation to a patient during placement of 50 ing ( minimal scattering of acoustic waves ) to yield high 
an endotracheal tube . contrast , sensitivity , and resolution . Certain of the present 

Referring now to FIG . 3B , a magnetic resonance image inventors have developed laser optoacoustics as a technique 
( MRI ) of a patient with an endotracheal tube in place is for tissue characterization and diagnostic imaging . See e . g . 
shown . The tube itself is not visible because the plastic does Esenaliev RO , et al . “ Laser opto - acoustic tomography for 
not generate a signal . If an endotracheal tube is properly 55 medical diagnostics : Experiments with biological issues ” 
placed , an optical source that is positioned within the SPIE Proc . 1996 ; 2676 : 84 - 90 . Optoacoustic techniques 
endotracheal tube at a location that is approximately in the utilize sensitive detection of laser - induced ultrasonic waves , 
middle of the endotracheal tube cuff will generate signals in which travel with minimal scattering through tissue in a 
water in an overlying tissue that are then detectable at an straight line from the source to the transducer . 
acoustic component as optoacoustic ( OA ) signals on the 60 Absorption of light energy in a medium is followed by 
exterior skin of the neck or overlying tissue . rapid thermal relaxation and a slight temperature increase in 

Such a device can also be used to facilitate endotracheal the medium . Thermal expansion of the irradiated medium 
intubation , confirmation and monitoring . For guidance of induces mechanical stress ( pressure rise ) . This mechanism is 
intubation , as well as confirmation and monitoring , the referred to as the thermo - optical mechanism of pressure 
pulsed laser light source can be transmitted through a stylet , 65 generation . A short optical pulse with the incident fluence , 
a hollow endotracheal exchange catheter , a rigid laryngo - F , induces a pressure rise , P ( z ) , in the medium upon 
scope , a fiberoptic endoscope or incorporated into or trans condition of stress confinement . 
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One mathematical depiction of this relationship is shown head . These data demonstrate the ability of OA technology 
in Eq . 1 : to detect small cephalad or caudad movement of an endo 

tracheal tube . FIG . 7 further shows , via the raw data trace , P ( z ) = ( $ c ; < / Cp ) HF = T40F ( z ) = TuF exp ( - 42 ) ( Eq . 1 ) the strong signal detected when the optical emitter and 
where ß [ 1 / ° C . ] is the thermal expansion coefficient ; cs 5 acoustic detector are properly aligned over the trachea . 

[ cm / s ] is the speed of sound ; Cp [ J / gº C . ] is the heat Referring now to FIG . 6 , a typical pattern recorded from 
capacity at constant pressure ; F ( z ) [ J / cm² ] is the fluence the optoacoustic ( OA ) detector is shown when the optical of the optical pulse ; and ua [ cm - ' ] is the absorption fiber is misplaced by insertion into the esophagus ( solid line ; 
coefficient of the medium . to simulate a misplaced endotracheal tube ) . When the OA The optoacoustic pressure in Eq . 1 can be expressed in 10 detector is moved laterally , a signal is detected from the J / cm or in bar ( 1 J / cm = 10 bar ) . The expression ( Bc 2 / C , ) esophagus ( hatched line ) . The lack of a signal over the in Eq . 1 represents the dimensionless Grüneisen parameter , trachea combined with the presence of a signal laterally is T . The exponential attenuation of the optical radiation in the 

medium is represented by exp ( - u z ) . The condition of stress diagnostic of misplacement in the esophagus . 
confinement means that there is insignificant stress relax - 15 In FIG . 8 , which used the same conditions and equipment 
ation in the irradiated volume during the optical pulse . To as described in reference to FIG . 7 , the ETT including 
provide this condition , the duration of the optical pulse transmitter is placed in the esophagus and shows the trace 
should be shorter than the time of stress propagation out of obtained in this misplacement event . As indicated , there is 
the irradiated volume . no signal where the detector is placed over the trachea but 
Nanosecond laser pulses can be used to generate condi - 20 a strong signal at 1 cm lateral to the trachea . This replicates 

tions of stress confinement for most optoacoustic applica - the type of diagnostic readout that would be obtained in 
tions including monitoring of [ Hb ] and hemoglobin satura event of misplacement in the esophagus . As is apparent from 
tion and exogenous dyes . The various species of Hgb these examples , the data obtained and displayed using the 
( oxyhemoglobin . deoxyhemoglobin . carboxyhemoglobin optoacoustic method provides clinically effective measure 
and methemoglobin ) have high absorption coefficients in the 25 ments of proper endotracheal tube placement and position 
visible and NIR spectral range as do many dyes , such as monitoring . 
indocyanine green , indigo carmine and methylene blue , that The optoacoustic apparatus and techniques disclosed 
are approved for human use and clinically used inks such as herein are ideally suited for monitoring foreign bodies in 
those used for skin marking before plastic surgery . The high tissues and in hollow organs such GI organs and blood 
Z - axial ( depth ) resolution of the optoacoustic technique 30 vessels . The apparatus and techniques may be used in 
permits direct measurement of the depth of the pigmented combination with other modalities ( including , but not lim 
marker or , in the present approach , the depth of the tissue ited to , radiofrequency , microwave , ultrasound , and pure 
boundary at which the acoustic signal is generated by the optical methods , or their combination ) for guidance and 
absorption of the optical signal by tissue water . confirmation of placement of foreign bodies including endo 

Referring now to FIG . 5 , a typical pattern obtained by 35 tracheal tubes in human and other animal bodies or tissues . 
optoacoustic monitoring showing diminishing signals when Endotracheal tube placement is a specific example of place 
the detector is moved away from the endotracheal tube . The ment of a medical device or foreign body within tissues with 
essentially same pattern would be obtained if the detector the subsequent need to non - invasively confirm correct place 
was stationary in the desired location and the endotracheal ment . Optoacoustic technology is further ideally suited to 
tube was deviated from proper placement . FIG . 7 shows a 40 any clinical situation in which a foreign body is placed for 
raw data trace of a 1 . 0 mm optical fiber placed within the medical purposes , e . g . , intravascular catheters , urinary blad 
endotracheal tube to the depth of the middle of the cuff . A der catheters , drainage tubes or prosthetic devices , and in 
pulse laser light source generating light at a wavelength of which subsequent noninvasive confirmation of proper place 
1550 nm was connected to the optical fiber . The light source ment is required . 
was a compact optical parametric oscillator ( OPO ) ( Opolette 45 All references cited herein are incorporated by reference . 
532 II , Opotek Inc . , Carlsbad , Calif . ) . The OPO provided Although the invention has been disclosed with reference to 
pulsed tunable Near - Infrared ( NIR ) radiation in the range of its preferred embodiments , from reading this description 
680 - 2400 nm with pulse duration of 10 nanoseconds ( ns ) those of skill in the art may appreciate changes and modi 
and repetition rate of 20 Hz . A sensitive , wide - band acoustic fication that may be made which do not depart from the 
detector / transducer G1M was designed and built , including a 50 scope and spirit of the invention as described above and 
piezoelectric element ( 8 mm in diameter with a central claimed hereafter . 
frequency of 0 . 8 MHz ) for optoacoustic wave detection . The 
optoacoustic signals were amplified with a low - noise 17 - dB The invention claimed is : 
preamplifier ( model AH - 17 DB , Onda Corp . , Sunnyvale , 1 . A system for real - time placement tracking of an endo 
Calif . ) and a low - noise 40 - dB amplifier ( model 322 - 9 - 50 , 55 tracheal tube , comprising : 
Analog Modules Inc . , Longwood , Fla . ) and then digitized an endotracheal tube comprising a cuff having an outer 
with a 50 - MHz 8 - bit digitizer ( NI USB - 5132 , National surface ; 
Instruments Corp . , Austin , Tex . ) . The 40 - dB amplification an optical component mounted to the outer surface of the 
resulted in 100 - fold ( 100x ) amplification of the signal . One cuff of the endotracheal tube cuff and adapted to emit 
hundred signals were averaged to increase signal - to - noise 60 light into tissue surrounding the trachea into which the 
ratio . Each optoacoustic signal shown in FIG . 7 was an endotracheal tube is inserted to induce ultrasonic pres 
average of the 100 signals each of them generated by one sure waves within the tissue ; 
laser pulse ( < 100 ) . The acoustic detector was then moved an external acoustic detector adapted to receive the ultra 
one cm cephalad and two cm cephalad with the peak signal sonic pressure waves induced in the tissue ; 
obtained when the optoacoustic ( OA ) detector was located 65 an analyzer in electrical communication with the external 
directly over the fiber tip and with progressively diminishing acoustic detector , wherein the analyzer is configured to 
signals as the detector was moved further away toward the produce an output based on the received ultrasonic 
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pressure waves that indicates whether or not the endo inserting into the trachea an endotracheal tube that 
tracheal tube cuff is positioned within the mid - trachea ; includes an optical component mounted to an outer 
and surface of a cuff of the endotracheal tube ; 

a display screen in electrical communication with the applying an external acoustic detector to an external 
analyzer , wherein the display screen is configured to 5 surface of a patient on a region overlying the tissue ; 
display the output from the analyzer as a graphical applying power to the optical component to cause it to 

waveform that indicates whether or not the endotra emit light into the tissue to induce ultrasonic pressure 
waves within the tissue ; cheal tube is positioned within the mid - trachea . 

2 . The system of claim 1 , further comprising a light receiving the induced ultrasonic pressure waves with the 
conduit in optical communication with the optical compo - 10 external acoustic detector ; 
nent and adapted for connection to , and transmittal of light producing an output with the analyzer that is based on the 
from , a light source external to the patient ' s body . received ultrasonic pressure waves and that indicates 

3 . The system of claim 2 , wherein the light conduit is a whether or not the endotracheal tube cuff is positioned 
fiber optic . within the mid - trachea ; and 

4 . The system of claim 1 . wherein the optical component 15 displaying the output from the analyzer as a graphical 
includes a light source that is adapted to generate light waveform on a display screen that is in electrical 
locally from inside the patient ' s body . communication with the analyzer , wherein graphical 

5 . The system of claim 1 , wherein the light is pulsed laser waveform indicates whether or not the endotracheal 
light . tube is positioned within the mid - trachea . 

6 . The system of claim 1 , wherein the light has a wave - 20 . 2013 . The method of claim 12 , further comprising monitor 
length from about 750 nm to about 2500 nm . ing the output of the analyzer on a periodic basis for as long 

7 . The system of claim 1 , wherein the analyzer generates as the endotracheal tube is in place . 
a range of audible signals including a safety tone that 14 . The method of claim 12 , further comprising monitor 
indicates desired placement of the endotracheal tube and an ing the output of the analyzer on a continuous basis for as 
alarm tone that indicates improper placement of the endo - 25 10 endo . 25 long as the endotracheal tube is in place . 
tracheal tube . 15 . The method of claim 12 , wherein the light has a 

8 . The system of claim 1 , wherein the external acoustic wavelength from about 750 nm to about 2500 nm . 
detector comprises a plurality of external acoustic detectors . 16 . The method of claim 12 , wherein the analyzer gen 

9 . The system of claim 1 , wherein multiple optical com erates a range of audible signals including a safety tone that 
ponents are mounted to the outer surface of the cuff of the 30 indicates desired placement of the endotracheal tube and an 
endotracheal tube at different positions around the periphery alarm tone that indicates improper placement of the endo 
of the cuff . tracheal tube . 

10 . The system of claim 1 , wherein the optical component 17 . The method of claim 12 , further comprising an initial 
comprises a light - emitting diode . step of affixing the optical component to the endotracheal 

11 . The system of claim 1 , wherein the graphical wave - 35 tub 
form results from plotting the output as a normalized optoa 18 . The method of claim 12 , wherein the graphical 
coustic signal as a function of depth . waveform results from plotting the output as a normalized 

12 . A method of real - time placement tracking of an optoacoustic signal as a function of depth . optoa 
endotracheal tube comprising : 

ice . 


